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Abstract. As a renewable and sustainable fuel made from digestion 
facility, biogas is composed predominantly of methane (CH4) and carbon 
dioxide (CO2). CO2 in biogas strongly affects its combustion 
characteristics. In order to develop efficient combustors for biogas, 
fundamental flame characteristics of biogas require extensive investigation. 
In understanding the influence of CO2 concentration and mixture pressure 
on biogas combustion, the effects of CO2 concentration on the laminar 
burning velocity of methane/air mixtures were studied at different 
pressures. The studies were conducted using both numerical and 
experimental methods. The experiment was conducted using a constant 
volume high pressure combustion chamber. The propagating flames were 
recorded with a high speed digital camera by employing Schlieren 
photography technique. The numerical simulation was carried by utilizing 
CHEMKIN-PRO with GRI-Mech 3.0 employed as the chemical kinetics 
model.  The results show that the laminar burning velocity of methane-air 
mixtures decreased with an increase in CO2 concentration and mixture 
pressure. Therefore, the burning velocity of biogas mixtures may decrease 
as the amount of CO2 in the gas increases. 
 
Key words: Combustion characteristics, dilution ratio, renewable fuel, 
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1 Introduction 
Biogas is a renewable fuel which is made from digestion facility and is predominantly 
composed of methane (CH4) and carbon dioxide (CO2). The CO2 constituent in biogas 
significantly affects the combustion characteristics of the fuel. To develop a combustor with 
efficient use of biogas, optimized power usage, and emissions control, basic flame 
characteristics of biogas inside the IC engines need to be investigated further. 
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The increase of carbon dioxide concentration in atmosphere is contributed from 
anthropogenic activity such as utilization of fossil fuel [1]. CO2 contributes to the change of 
climate because of its greenhouse effect and therefore categorized as greenhouse gases     
[2, 3]. Because of that, carbon dioxide emission in large number is the primary source of 
global warming [4]. In order to find solution to this problem, many researchers have been 
interested in the study of alternative energy sources to replace fossil fuel [5–7]. 
As a fuel derived from biodegradable waste, biogas is a renewable energy resource. 
Biogas is produced from decomposing biomass using bacterial in anaerobic environment 
[8–10]. The composition of biogas depends on the production procedure and biomass 
feedstock. Although highly composed of CO2, biogas contributes to small increase of the 
greenhouse gases concentration in atmosphere because biogas comes from organic matters 
including plants. Plants have contributed in reducing CO2 concentration on air [2], making 
biogas a possible carbon neutral energy source [5]. Additional advantage of biogas comes 
from its viability and low cost. The facilities used to produce biogas are inexpensive and do 
not require skilled labor to build [11]. 
Biogas from East Java, Indonesia has high level of carbon dioxide concentration. Since 
the CO2 content affects the combustion characteristics of biogas, an understanding of the 
combustion characteristics under various CO2 dilution ratio is required. Furthermore, beside 
CO2 concentration, the combustion characteristics of fuels are affected by its initial pressure 
[12–14]. Combustion in internal combustion engines take place under high pressure 
condition, therefore there is a need for extensive studies regarding the effect of pressure on 
CH4/CO2/Air flames. 
The laminar burning velocity is important in developing chemical kinetics mechanisms. 
It may also be used to characterize various premixed flame phenomena [15]. The laminar 
burning velocity can be measured from spherically propagating flames by recording the 
increasing rate of the flame radius with respond to time [16, 17]. There has been a series of 
studies on the effects of CO2 and initial mixtures pressure on laminar burning velocity of 
CH4 [18–23]. Some studies suggested that as the percentage of CO2 in fuel mixture 
increases, biogas laminar burning velocity decreased [10, 19–22]. Some studies have 
suggested that compared to other diluents such as N2 (Nitrogen) and H2 (Hydrogen), CO2 
has much more significant effect in reducing laminar burning velocity of CH4 [18, 19]. 
Halter et al. suggested that two conditions that caused the decrease of laminar burning 
velocity with an increase in CO2 concentration are CO2 dissociation and the high heat 
capacity of CO2 [24]. The increase of CO2 leads to the increase of energy required to 
dissociate the carbon dioxide (CO2) into carbon monoxide (CO) and oxygen (O2). The 
presence of CO2 absorbed some of the heat generated from the chemical reactions within 
the combustion process. There has also been a series of studies on the effect of pressure on 
the laminar burning velocity of CH4 [16, 21, 22, 25]. 
Although extensive studies of the combustion characteristics of biogas have been 
conducted, the effects of high concentration of CO2 up to 70 % has not been investigated. 
Biogas that was obtained from East Java, Indonesia is found to be high in CO2 content. 
Therefore, this study aimed to investigate the laminar combustion characteristics 
thoroughly under various initial mixture pressure of 0.1 MPa and 0.3 MPa and                
CO2 concentration up to 70 %. The initial mixture pressure was varied for 0.1 MPa and   
0.3 MPa in order to simulate the condition of an actual combustor working at high pressure 
condition. Therefore, this investigation discovered the effect of CO2 dilution ratio on 
laminar combustion characteristics under varied initial mixture pressures. 
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2 Experimental setup and conditions  
This experiment was conducted using the cylindrical constant volume combustion chamber 
at the Institute of Fluid Science, Tohoku University. The chamber’s inner diameter was  
270 mm while its length was 410 mm. The volume of the chamber was roughly around     
23 L. The chamber had two adjacent quartz glass windows which allowed for observation 
of flame propagation in the chamber [26, 27]. A schematic diagram for this experimental 
apparatus of this study is shown in Figure 1. 
 
Fig. 1. Schematic of experimental setup. 
The fuel-air mixtures were introduced to the chamber and ignited using a pair of spark 
electrodes. The spark ignition’s diameter is 1.5 mm and the spark gap was set to 2 mm. 
High speed digital camera (Photron, FASTCAM Mini AX) was used to observe the flame 
propagation inside the chamber by employing high speed Schlieren photography technique 
with a continuous light source. The flames can be observed in the chamber through the 
optical windows up to a diameter of 60 mm. The flames propagated at constant pressure 
from the time of ignition until their diameter was about 60 mm [26–28]. 
Numerical simulations were also performed using a one-dimensional freely propagating 
laminar flame model of CHEMKIN-PRO. The detailed reaction mechanism, GRI-Mech 3.0 
was employed. The initial mixture temperature was set to 298 K. Pressure used was         
0.1 MPa and 0.3 MPa. In the case of numerical simulation, unstretched laminar burning 
velocity, SL, was defined as the velocity at the cold boundary in the computational domain. 
The burnt gas densities were calculated using the equilibrium calculation of CHEMKIN-
PRO and thermo-physical properties of the mixture such as specific heats, thermal 
diffusivity, diffusion coefficients were calculated from the same equations employed in 
CHEMKIN-PRO. 
Dry air was used as oxidizer while CH4 with purity of 99.9 % was used as fuel. CO2 
with 99.995 % purity was used as diluent. Even though biogas contains nitrogen (N2), the 
quantity is small enough to be neglected. For example, biogas derived from East Java 
consist of 3 % volume fraction of nitrogen [12]. This value is negligible and thus the N2 
content in biogas was not taken into account in this study. 
The CO2 concentration in the expressed using Equation (1). In Equation (1), [X] is the 
molar concentration of species X. An actual biogas has Zco2 value from 0.3 to 0.5 [11]. In 
this study, Zco2 value was varied from 0.3 to 0.7 to holistically investigate the flame 
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characteristics for a various biogas of CO2 dilution ratio. Initial mixture pressure, Pi, was 
conditioned for 0.1 MPa and 0.3 MPa and initial mixtures temperature was constants at  
298 K. At each condition, experiments were conducted for a minimum of five times to 
bolster the replication of the measurements. 
Graph of flame radius as a function of times is displayed in Figure 2. Propagation speed 
of the flame, Sn, was obtained from the radius-time record by employing equation (2). The 
flame stretch rate, α,  was defined as shown in equation (3). In equation (3), the area of the 
flame radius is defined as A. For spherically propagating flames,   α   is   obtained   using  
Equation (4) [11–13, 17, 26–28]. 
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Fig. 2. Flame radius as function of time at 0.1 MPa initial mixture pressure and ZCO2 = 0.3. 
Flame speed and total stretch rate may correlate linearly as shown in Figure 3. Lb is 
defined at flame radius, ru, and their relationship are shown in Equation (5). Unstretched 
flame speed, SS, were assessed from the intercept value of Sn when α = 0 and taking into 
consideration the connection among the flame stretch and expansion factor. The 
relationship between flame speed, Sn,   and   flame   stretch   rate,   α,   is   given   in   Figure 3. 
Unstretched laminar burning velocity, SL, evaluations were conducted with Equation (6) 
where ρu and ρb are unburnt mixture and burnt gas density, respectively [5, 17, 24, 28]. 
 
bsn LSS               (5) 
s
u
b
L SS 
              (6) 
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Fig. 3. Flame speed as function of stretch rate at 0.1 MPa initial mixture pressure and ZCO2 = 0.3. 
3 Results and discussion 
Figure 4(a) and Figure 4(b) display the Schlieren images between 2.5 ms to 10 ms from 
ignition for stoichiometric condition at 0.1 MPa and 0.3 MPa, respectively. From both 
figures, it was found that as the CO2 dilution rates and initial mixture pressure are 
increased, the flame radius decreases. This relationship corresponds to the decrease of 
laminar burning velocity with the raise of CO2 dilution rates and initial mixture pressures. 
       
 (a) (b) 
Fig. 4. Schlieren images between 2.5 ms to 10 ms after ignition of artificial biogas-air mixtures under 
various carbon dioxide dilution ratio and initial mixture pressure of (a) 0.1 MPa and (b) 0.3 MPa. 
Figure 5 displays relation among CO2 dilution ratio, ZCO2, and unstretched laminar 
burning velocity, SL. In Figure 5, the solid lines show the experimental results while the 
dashed lines show the outcome of numerical investigation using CHEMKIN-PRO. The 
specific model of the reaction was achieved numerically using GRI-Mech 3.0. The 
numerical simulation of laminar burning velocity results was able to predict the result of 
experimental investigation with small margin of error. The relationship shown in Figure 5 
indicates as carbon dioxide concentration and initial mixture pressure value are increased, 
the laminar burning velocity of the mixture decreases. These results are supported by the 
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investigation of Schlieren images provided in Figure 4(a) and Figure 4(b). Many studies 
have also suggested similar relationship between CO2 concentration and initial mixture 
pressure toward laminar burning velocity value found in this study [9, 13, 16–19, 22]. 
 
Fig. 5. Laminar burning velocity, SL, of artificial biogas-air mixtures under various carbon dioxide 
dilution ratio and initial mixture pressure. 
4 Conclusion 
From the results of this study, it is found that CO2 concentration and initial mixture 
pressure are affecting the laminar burning velocity of CH4/CO2/Air mixtures at various CO2 
concentration and initial pressure. Increase of CO2 concentration and initial mixture 
pressure in Biogas-Air mixtures lead to the decrease of laminar burning velocity. Both 
numerical and experimental investigation of laminar burning velocity in CH4/CO2/Air 
mixtures come to the same conclusion with small differences between them. The results of 
the Schlieren technique support this relationship. As the CO2 concentration and initial 
mixture pressure are raised, the radius of propagated flame is reduced further. 
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